During the multipass hot processing of alloy steel, restoration processes such as static and dynamic recrystallization and recovery occur. Owing to these phenomena, ow stress characteristics are affected by various deformation conditions, such as temperature and accumulated strain. The objective of this research is to develop a mathematical model for predicting ow stress to represent these effects by simply considering the processing history and restoration. Hot compression experiments were conducted and the results were compared with the predicted results. It was found that the prediction accuracy can be improved by simultaneously considering the effects of accumulated strain and restoration.
Introduction
In the multipass hot rolling of steels, an accurate model for the prediction of ow stress characteristics that considers work hardening and the static and dynamic recrystallization and recovery of the microstructure is required to determine the optimum manufacturing conditions. The conventional ow stress equations are expressed in terms of temperature, strain and strain rate 1, 2) . However, ow stress characteristics are affected by the deformation history such as the accumulation of strain and by the addition of alloying elements such as chromium, molybdenum and niobium, which retard recovery and recrystallization. Also, if the interpass time of hot rolling is short, then the static recovery and recrystallization are insuf cient to release the accumulated strain. As a result, these equations are not valid under various forming conditions. Therefore, many attempts to develop mathematical models of ow stress behavior have been reported. Andrade et al., Saito et al. and Yamamoto et al. respectively reported the effects of molybdenum, niobium and vanadium on static recovery and recrystallization and on solute strengthening [3] [4] [5] . Senuma et al. and Yoshie et al. discussed the effect of strain accumulation on ow stress based on the dislocation density 6, 7) . However, it is dif cult to discuss the effects of work hardening and recovery of the microstructure using dislocation theory because it is hard to measure the dislocation density directly. Furthermore, while ow stress equations can be expressed as a function of equivalent strain, equivalent strain is not an internal variable of the material properties but a deformation quantity. As a consequence, a logical contradiction occurs from the viewpoint of metallurgy. To overcome these problems, Yoshino and Shirakashi [8] [9] [10] proposed a mathematical model for predicting ow stress that included a function of stored energy during the deformation process. In this model, ow stress can be uniquely determined from the stored energy, and the stored energy takes into account the effects of the strain rate and recovery as the accumulation and release of energy, respectively, on ow stress. Furthermore, according to a previous report 11) , a small percentage of the stored energy in a material is preserved in the form of dislocations. From this viewpoint, restored energy can connect plastic deformation and metallurgical phenomena. In addition, this model can be applied to forming processes with various deformation histories, and dif cult experiments or measurements are not required to construct the model and obtain the material parameters. In terms of metallurgy, in this model, the effect of the phase transformation during the process is re ected, but the effect of the addition of alloying elements to the steel on the inhibition of recovery is not known.
In this study, we developed a mathematical model of ow stress based on Yoshino s model for the hot processing of alloy steel and clari ed the effect of added elements on prediction accuracy. To determine the retardation of recovery due to the addition of alloying elements to the steel, we prepared materials with different recovery rates and examined the prediction accuracy of the model for these alloy steels.
Experimental Procedure
Alloy steels with different contents of Cr, Mo and Nb were prepared. The chemical composition of each low-alloy steel is shown in Table 1 . Specimens with 8 mm diameter and 12 mm gage length were machined after casting.
A hot uniaxial compressive test was carried out using a thermomechanical simulator (Thermecmaster Z). The specimens were heated to 1250 C at a heating rate of 10 C/s and held for 5 min, cooled at a rate of 5 C/s, then deformed at temperatures from 900 to 1100 C. In this study, two series of experiments were performed. One consisted of a series of single-pass compressive tests, in which the specimens were deformed at strain rates from 1 to 20 sec −1 to clarify the effects of the temperature and strain rate on the ow stress curves. The other was a series of two-pass compressive tests, * Corresponding author, E-mail: at-matsumoto@jfe-steel.co.jp Table 1 Chemical compositions of steels. in which the specimens were deformed at a strain rate of 10 sec −1 with an interruption of 1 to 100 sec between the rst and second deformation passes. After the interruption, the specimens were reloaded at the same strain rate and temperature. The strain in the rst pass was 0.35 and the total strain was approximately 0.75. To observe the microstructure under each of the interruption time conditions immediately before the second pass, the grain boundaries were exposed by etching in an aqueous solution of picric acid.
Experimental Results and Development of Flow
Stress Model 3.1 Flow stress curves obtained from hot compressive tests Figure 1 shows the ow stress curves obtained from the two-pass compressive tests for Steels A, B, C and D with interruption times from 1 to 10 sec at a temperature of 900 C. In addition, the ow stress curves obtained from the single-pass compressive test at a strain rate of 10 sec −1 are also shown in Fig. 1 . The plots are the results of the two-pass compressive tests, and the broken line is the result of the single-pass compressive test loaded up to a true strain of 0.75. It was shown that two typical behaviors occur during the two-pass compressive tests. For Steels A and B, at the deformation temperature of 900 C, the ow stress in the two-pass compressive test with an interruption times of 3 sec corresponded to that in the single-pass compressive test. However, when the interruption time was increased to 5 sec or more, the ow stress in the two-pass compressive test was decreased in the second pass and no longer corresponded to that in the single-pass compressive test. On the other hand, in the case of Steels C and D, even if the interruption time was increased to 10 sec, the ow stress in the two-pass compressive test almost corresponded to that in the single-pass compressive test. Figure 2 shows the fractional softening, X, plotted against the interruption time for different deformation temperatures. X was calculated from the expression
where σ m is the ow stress immediately after rst stage of compression and σ y1 and σ y2 are the yield stresses in the rst and second stages of compression, respectively. In this study, these yield stress are de ned by a conventional offset method 12) and corresponded to 0.2% proof stress in the rst and second stages of compression. From Figs. 2(a) and 2(b), the progress of softening of Steel A was almost the same as that of Steel B at all temperatures. Above an interruption time of 10 sec, the value of fractional softening becomes 1.0. From Figs. 2(c) and 2(d), the progress of softening in Steels C and D was slower than that in Steels A and B, and it appeared that Steel D exhibited the slowest softening among these materials. The softening included the effects of static recovery and recrystallization [13] [14] [15] . In Fig. 3 , the microstructure of each steel immediately before the second stage of compression at 900 C is shown for each interruption time. For fractional softening of under 0.5, as-deformed coarse grains were mostly observed. In the case of fractional softening from 0.5 to 1.0, coarse grains and grains re ned by static recrystallization coexisted. When the fractional softening was around 1.0, re ned grains accounted for most of the microstructure. In the latter case, it was supposed that the recrystallization behavior had a stronger effect on the softening than static recovery. Therefore, we excluded the experimental results for which the fractional softening was above 1.0 in the construction of the ow stress model considering the recovery effect. 3.2 Formulation of ow stress prediction model 3.2.1 Effect of deformation history on ow stress considering recovery Without considering the phase transformation, ow stress characteristics have been proposed as functions of the strain rate, temperature and material state, such as the work hardening rate, at the moment of deformation. The details were discussed in previous reports 9, 10) . The material state was estimated from the stored energy W through the deformation history. The function of the ow stress is
where ε , T and W are the strain rate, temperature and stored energy, respectively. The stored energy during plastic deformation including the process of energy release due to recovery is
where σ, ε, k, W and t are the ow stress, strain, recovery coef cient, stored energy and time, respectively. The energy released by the recovery process is given by eq. (4) and shown in Fig. 4 . Figure 4 shows that after energy was released during the interruption time, the open plots, which are shifted horizontally from the solid plots, correspond to the solid plots above a strain of 0.3. This indicates that the stored energy at the start of the second pass was nearly equal to that with a strain of 0.3 in the rst pass as a result of this energy release.
Here, k s and C are material constants and T is temperature. These material constants were calculated from the results of the two-pass compressive test with an interruption time of up to 3 sec, and the logarithm of the recovery coef cient k is plotted against the reciprocal of temperature T in Fig. 5 . Also, the material constants k s and C for Steels A-D are shown in Table 2 . A higher recovery coef cient indicates a tendency for recovery to occur more easily. From Fig. 5 , it is clear that Steel D exhibited the slowest recovery, with the rate of recovery increasing from Steel D to Steel A. It was observed that the Cr or Mo content affected the recovery coef cient at 900 and 1000 C and the Nb content affected the recovery coef cient up to 1100 C. Therefore, it was found that the retardation of recovery for materials is re ected in the recovery coef cient k in this prediction model. The stored energy was uniquely determined by a ow stress curve, where the ow stress is called the standard stress σ st . Accordingly, the ow stress is also expressed as a function of the standard stress σ st , strain rate ε and temperature T as
Expression for standard stress
The condition and function type for standard stress σ st is arbitrary 16) . Therefore, in this study, the standard condition is de ned as a deformation temperature of 900 C and a strain rate of 10 sec
, and the standard stress equation is expressed by
where A, n, B and λ are material constants and W is stored energy. Figure 6 shows the relationship between the calculated standard stress and stored energy for Steel C. The calculated curve, as shown by the line, corresponds well with the results of the single-pass compressive test, as shown by the plots. The equations of the standard stress for the other steels were also set up in a similar manner. The material constants for Steels A-D are shown in Table 3 .
Effect of strain rate on ow stress
To consider the effect of the strain rate on the relationship between the standard stress and stored energy, the results of the single-pass compressive test at different strain rates at a deformation temperature of 900 C are discussed. Figure 7 shows the stress ratio of the ow stress for different strain ratios with the standard stress against the stored energy calculated by eqs. (3) and (4) . In this gure, the stress ratio was almost constant except at a low stored energy. Therefore, the stress ratio σ/σ st was expressed in terms of the strain ratio function as follows by assuming a power law:
where σ, σ st , ε , ε st and m are the ow stress, standard stress, strain rate, strain rate under the standard condition and material constant, respectively. The values of the material constant m are shown in Table 4 .
Effect of deformation temperature on ow stress
To consider the effect of the deformation temperature on the relationship between standard stress and stored energy, the results of the single-pass compressive test at a strain rate of 10 sec −1 were set as the standard condition. The relationship between the ratio of the ow stress at different deformation temperatures to the standard stress and the stored energy calculated by eqs. (3) and (4) had a similar tendency to that in Fig. 7 , which was due to the fact that the stress ratio σ/σ st did not depend on the restored energy, and only depended on the deformation temperature. Figure 8 shows the ow stress ratio plotted against the deformation temperature.
The plots, which show the experimental results, were distributed on a straight line in the single-logarithmic graph. Therefore, the effect of the deformation temperature on the ow stress was expressed as
where α, T and T st are the material constant, the temperature and the temperature under the standard condition, respectively. The material constant α for each steel is shown in Table 5 . Thus, we de ned the prediction model for the ow stress with the stored energy W function by combining eqs. (5) to (8) as follows:
Experimental Results and Development of Model

Effect of interruption time on prediction accuracy
To examine the effects of static recovery and recrystallization on prediction accuracy, we compared the calculated ow stress with the results of the two-pass compressive tests with the interruption time varied from 1 to 10 sec. Figure 9 shows the stress-strain curves at a strain rate of 10 sec −1 at the deformation temperature of 900 C for Steels A and D. The plots are the experimental results, and the continuous and broken lines represent the results of the ow stress calculations and the conventional model based on Inouye s model 1) , respectively. In these gures, the ow stress calculated by the conventional model was larger than the experimental value during the second stage of compression for both steels. This was because the conventional model does not consider the static recovery during the interruption time. For Steel A in Fig. 9(a) , the calculated curves were in good agreement with the experimental results for the interruption times of 1 and 3 sec at the deformation temperature of 900 C. However, the calculated values were larger than the experimental results for interruption times of 5 sec and above. Considering these ndings with the results in Fig. 2(a) , it was assumed that when the fractional softening was above 0.79, the effect of softening by static recrystallization on the prediction accuracy of the ow stress in this model increased. Therefore, it appears that the deviation between the experimental and calculation results was due to recrystallization, which this model does not consider. On the other hand, in the case of Steel D at the deformation temperature of 900 C, the fractional softening was under 0.6 for interruption times from 1 to 10 sec, and from Fig. 9(b) , the calculated curves were in good agreement with the experimental results. From these results, it is suggested that this model has high prediction accuracy when the fractional softening is under approximately 0.55. Table 5 Material constant for effect of deformation temperature. Figure 10 shows the stress-strain curves for a strain rate of 10 sec −1 at deformation temperatures of 900, 1000 and 1100 C for Steels A and D. The plots are the experimental results and the lines represent the results of the ow stress calculations. The calculated lines showed good agreement with the experimental results at high total strains, even though the recovery tendencies of the materials were different. Next, to clarify the effect of dynamic recrystallization on prediction accuracy, Fig. 11 shows the stress-strain curves at strain rates from 0.1 to 10 sec −1 at a deformation temperature of 1100 C. From the results of the experiment with Steel A, a slight decrease in ow stress caused by dynamic recrystallization 13) occurred at a strain rate of 0.1 sec −1 . In this case, the calculated curve for the strain rate of 0.1 sec −1 did not re ect the decrease in ow stress caused by dynamic recrystallization. On the other hand, in the case of Steel D, the calculated lines mostly show good agreement with the experimental results up to a high total strain because dynamic recrystallization is inhibited, as can be seen from the experimental results. From these results, it is suggested that our proposed model enables prediction with good accuracy even when the deformation conditions, such as the strain rate, temperature and the chemical composition of the steel, are more complex, as long as dynamic recrystallization does not occur 17) . This is because the effect of recovery considered in this model re ects not only static recovery but also dynamic recovery during deformation.
Effect of dynamic recovery on prediction accuracy
Conclusions
A mathematical model of ow stress for the hot processing of alloy steel was developed on the basis of Yoshino s model, and the effect of the chemical composition of steel on the prediction accuracy was investigated by performing multipass compressive tests. The following conclusions were obtained.
(1) The recovery characteristics of materials were re ected by the recovery coef cient k in this model. The recovery coef cient is higher in materials in which recovery is strongly inhibited. (2) Because the effect of recovery considered in this model re ects not only static recovery but also dynamic recovery during deformation, the proposed model enables prediction with high accuracy, even when the deformation conditions, such as the strain rate, temperature and the chemical composition of the steel, are more complex, unless static recrystallization occurs. (3) This proposed model enables prediction with high accuracy even though the retardation of recovery varies with the material, provided static recrystallization does not occur. This is because the recovery characteristics of materials, such as the retardation of recovery during the time between passes due to the addition of alloying elements to the steel, are re ected well by the recovery coef cient k in this model. 
